This work presents methodological advances in the integration of life-cycle indicators into energy system The first comprehensive experience regarding the methodological hybridisation of LCA and 44 energy optimisation modelling was carried out within the framework of the NEEDS project to 45 estimate the external costs of power generation (NEEDS, 2008(NEEDS, , 2009). This hybridisation relies 46 on the use of LCA flows to modify the processes in TIMES and monetise the impacts assuming 47 extra costs (externalities) by using a third tool, ExternE (Bickel and Friedrich, 2005) . Brown et al. This paper aims to deeply integrate environmental indicators into the core of TIMES by using 52 the LCA methodology to take into account both direct and indirect environmental burdens. The 53 latter are difficult to allocate in a TIMES model and typically involve a large number of 54 background processes. This methodological LCA-TIMES combination enriches the LCA 55
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Motivation and background 23
Assessments based on energy modelling usually fail in taking into account the environmental 24 profile of energy systems. These modelling exercises are commonly founded on bottom-up 25 optimisation models, where the TIMES model generator is one of the most used (Loulou et al., 26 2005a (Loulou et al., 26 , 2005b . These recognised models have been developed from a techno-economic 27 perspective and, even though they may include some environmental aspects by means of 28 emission factors (direct emissions) and/or external costs, further methodological developments 29 are required to cope thoroughly with the environmental dimension of energy systems. In this 30 regard, Life Cycle Assessment (LCA) considers a much broader set of environmental factors, in 31 terms of both processes included and type of impacts. The first comprehensive experience regarding the methodological hybridisation of LCA and 44 energy optimisation modelling was carried out within the framework of the NEEDS project to 45 estimate the external costs of power generation (NEEDS, 2008 (NEEDS, , 2009 ). This hybridisation relies 46 on the use of LCA flows to modify the processes in TIMES and monetise the impacts assumingextra costs (externalities) by using a third tool, ExternE (Bickel and Friedrich, 2005) . Brown et al.
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(2013) used a similar approach by imposing fees to selected pollutants (greenhouse gases, 49 NO x , particulates, SO 2 ). Since LCA flows (rather than life-cycle impact profiles) are used, the 50 analysis of the evolution of the life-cycle environmental indicators themselves is not addressed. 51
This paper aims to deeply integrate environmental indicators into the core of TIMES by using 52 the LCA methodology to take into account both direct and indirect environmental burdens. The 53 latter are difficult to allocate in a TIMES model and typically involve a large number of 54 background processes. This methodological LCA-TIMES combination enriches the LCA 55 approach by adding a prospective standpoint through techno-economic optimisation. 56
Methodological framework 57
Environmental modelling can benefit from the experiences in energy systems modelling (Ekvall, 58 2002). There are two different approaches to hybridising models: soft-linking and hard-linking. 59
The former means that the results are transferred from one model to another, whereas the latter 60 means that the models are merged becoming a single comprehensive model (Wene, 1996) . In 61 this work, soft-linking is considered. The analysis focuses on the electricity mix of the Norwegian 62 energy system resulting from regular modelling, i.e. the base-case scenario. This scenario 63 includes the whole portfolio of power generation technologies required for the Norwegian energy 64 system to satisfy the energy service demand of all sectors (details are given in Table 1 ). It also 65 includes several policy measures such as support to district heating plants, green certificates 66 supporting new renewable power generation, and technology-specific and commodity-specific 67 taxes. 68
TIMES-Norway modelling assumptions 69
TIMES-Norway is a model that represents the energy system of Norway. It includes the 70 
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